The double-variant glucose derivative, TDP-4-amino-6-deoxy-glucose, was also made using E p -mediated conthetic approach to generate these compounds is shown in Figure 2 . Starting with the corresponding acetylated version of the corresponding sugar-1-phosphate in 80%-90% yield, resulting in a final concentration of 2 lactols (5a, 5b, 9a-c), the 3,4-acetoxy sugar-1-phosphates (6a, 6b, 10a-c) were generated by phosphorylation, and mM in subsequent incubations with GtfE. Since the chemical coupling noted above gave UDPsubsequent coupling using UMP-morpholidate resulted in the six UDP-glucose derivatives (7a, 7b, 8, 11a, 11b, 2-amino-glucose and UDP-6-amino-glucose, we prepared the other two regiosiomers enzymatically as the 12), with overall yields between 18%-32% ( Figure 2) [18]. The purity and identity of each compound was TDP-sugars by E p -mediated conversions of 3-aminoglucose-1-phospate and 4-amino-glucose-1-phosphate verified by mass spectrometry (EI) and 1 
H-,

13
C-, and 31 
P-NMR (data not shown).
[17] to produce TDP-3-amino-glucose and TDP-4-aminoglucose in 80%-90% yields in the 3 hr incubations. Large-scale incubations were performed to generate 18 Chemoenzymatic Synthesis of TDP-Glucose mg of TDP-3-amino-glucose and 3.5 mg of TDP-4-Derivatives amino-glucose after purification for further studies to In parallel to the chemical syntheses noted above, we determine kinetic parameters with GtfE. evaluated the ability of the thymidylyl transferase E p to Thus, all four regioisomers of TDP-deoxyglucose and take a variety of D-glucose-1-P derivatives for thymidylyl NDP-aminoglucose, as well as the doubly variant TDPtransfer catalysis (Figure 3 ), building on prior efforts that 4-amino-6-deoxy-glucose and the 6-desmethyl-glusuggested relaxed specificity could be expected [16, cose, UDP-xylose (Figure 4 ), were available for testing 17]. In the deoxy series, the 2-, 3-, 4-, and 6-deoxygluas sugar donors for GtfE catalysis. cose-1-phosphate species were prepared as previously described [17] and were shown to be thymidylylated by E p to the TDP-sugar products as evaluated by HPLC
Transfer of Glucose Derivatives by GtfE to the Vancomycin and Teicoplanin Aglycones analysis (data not shown). Under the incubation conditions noted in the experimental section, we observed
The ten UDP-and TDP-glucose derivatives shown in Figure 4 , as well as UDP-2-and 6-azido-glucose, UDP-70%-100% conversion to 4-and 6-deoxy-glucosyl-TDP species, while the TDP-2-deoxy-glucose was generated 2-fluoro-glucose, and UDP-6-chloro-glucose were assayed as substrates for pure GtfE with both its native in only about 10% yield, and TDP-3-deoxy-glucose was generated in about 30% yield. In incubations for subseaglycone heptapeptide substrate (AGV, vancomycin aglycone) and also with the teicoplanin aglycone (AGT, quent reaction with GtfE and aglycones, this resulted in 250 M TDP-2-deoxy-glucose in the GtfE reaction, 0.75 teicoplanin aglycone), which differs in amino acids 1 and 3. Glycosylated peptide products were first analyzed by parison of the other UDP-and TDP-glucose analogs. The 6-deoxydesmethyl (xylose) and the 6-chloromethyl HPLC, and new peaks were corroborated for molecular weight by Maldi-TOF mass spectrometry. Each of the group in UDP-6-chloro-glucose are tolerated at about 9% and less than 0.1% catalytic efficiency, respectively. nucleotide sugar substrates shown in Figure 4B could be recognized and the sugar moiety transferred by GtfE All K m and k cat data were gathered using the vancomycin aglycone as the acceptor substrate. The four regioisoto the vancomycin and teicoplanin scaffolds as analyzed by HPLC and mass spectrometry, while UDP-2-azido-, meric TDP-deoxyglucoses also served as substrates and could be transferred not only to the vancomycin UDP-2-fluoro-, and UDP-6-azido-glucose proved inadequate for transfer by GtfE. In Figure 5 , representative scaffold but also the teicoplanin scaffold. For example, as shown in Figure 6B , the 4-deoxy-glucosyl-AGT prod-HPLC traces are shown using the donor sugar substrates UDP-glucose, UDP-2-amino-glucose, and UDPuct (15) could be accumulated and detected by HPLC analysis of GtfE incubations with AGT and TDP-4-deoxy-6-amino-glucose, showing glycosyl transfer to both the vancomycin and teicoplanin aglycone acceptor subglucose. UDP-2-fluoro-glucose was not detectably processed by GtfE, perhaps due to the electronic effects strates. K m and k cat data for selected NDP-sugar substrates with GtfE are collected in Table 1. of 2-F on the reactivity at the adjacent C 1 . K m and k cat data were obtained for all four regioisomers First, both UDP-glucose and TDP-glucose as substrates have equal catalytic efficiency (k cat /K m ), indicating of NDP-aminoglucose reacting with the vancomycin aglycone scaffold and are shown in Table 1 . GtfE is that GtfE is not fastidious about the 5-methyl of thymine or the 2Ј-hydroxyl of ribose versus deoxyribose. This remarkably permissive for the amino group at carbons 2, 3, 4, and 6 of the glucose ring, with all four NDPpermissivity toward the NDP moiety allows cross com- Analogous incubations demonstrated that we were In the naturally occurring glycopeptide antibiotics, the sugars matter: to some extent in determining potency, able to generate derivatives of the vancomycin disaccharide containing 3-, 4-, and 6-deoxyglucoses and 3-, to a large extent in increasing solubility, to increase dimerization constants, and to restrict conformational 4-, and 6-aminoglucoses, as well as 4-amino-6-deoxy- coplanin, 2, it is the 2-amino-glucose moiety that is enzymatically acylated. In oritavancin, 3, the only amino The third requirement would be for additional variants creases the potential to discover derivatives that are 
